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ABSTRACT: Bovine carbonic anhydrase B (CAB) is chosen as the model protein to study the phenomenon 
of protein aggregation, which often occurs during the refolding process. Refolding of CAB from 5 M GuHCl 
has been observed by quasi-elastic light scattering (QLS), which confirms the formation of a molten globular 
protein structure as reported previously [Semisotnov, G. V., Rodionova, N. A,, Kutyshenko, V. P., Ebert, 
B., Blanck, J., & Ptitsyn, 0. B. (1987) FEBS Lett. 224, 9-13]. QLS analysis reveals the formation of 
multimeric species prior to precipitation. Activity and cross-linking studies have confirmed the presence 
of inactive multimeric protein species. The dimer formation has been determined to be the initiating step 
in the aggregation of CAB during refolding. Activity studies have indicated that the first intermediate 
observed in the refolding pathway of CAB aggregates to form the inactive dimer. The rate of formation 
of the dimer has a stoichiometric dependence on the final protein concentration. The dimer formation rate 
is a function of the final guanidine hydrochloride (GuHCl) concentration to the inverse 6.7 power, which 
correlates well with the binding of GuHCl to the native protein in 0.60-0.80 M GuHCI. These rate 
dependencies require the refolding of CAB to be performed at  high GuHCl concentrations (1 M GuHCl) 
and low protein concentrations (less than 1 mg/mL) to avoid the formation of aggregates. Alternatively, 
refolding can be performed by allowing the first intermediate to form the second intermediate prior to further 
dilution or dialysis. The aggregation of a hydrophobic first intermediate species is likely to be common 
to the refolding of other molten globular proteins. 

Purification of recombinant proteins expressed in Escherichia 
coli often requires the solubilization and renaturation of 
proteins that are expressed as insoluble inclusion bodies 
(Marston, 1986). During the refolding of proteins from de- 
natured states, aggregation of partially refolded protein occurs 
resulting in decreased recovery of the native protein. Early 
studies of protein refolding by Anfinsen and others have in- 
dicated that many proteins aggregate during refolding from 
unfolded states (Anfinsen & Haber, 1961; Epstein & Gold- 
berger, 1963). The aggregation of protein during refolding 
is strongly dependent on the final protein and denaturant 
concentration (Zettlmeissl et al., 1979). Therefore, proteins 
are usually refolded at very low protein concentrations (pg/ 
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mL) or high denaturant concentrations (1 M guanidine hy- 
drochloride or 4 M urea) to avoid aggregation. 

To investigate the phenomenon of protein aggregation 
during refolding, the study of the model protein system, bovine 
carbonic anhydrase B (CAB),' is undertaken since CAB has 
a well-characterized refolding pathway (Stein & Henkens, 
1978; Doligkh et al., 1984; Semisotnov et al., 1987). During 
refolding of CAB from its denatured state in 5 M GuHCl, the 
protein will rapidly form a compact molten globule structure 
with exposed hydrophobic clusters. These clusters will then 

I Abbreviations: CAB, bovine carbonic anhydrase B; GuHCI, guan- 
idine hydrochloride; QLS, quasi-elastic light scattering; Tris, tris(hy- 
droxymethy1)aminomethane; EDTA, ethylenediaminetetraacetic acid; 
pNPA, p-nitrophenol acetate; pNP, p-nitrophenol; DMS, dimethyl su- 
berimidate dihydrochloride; SDS, sodium dodecyl sulfate; PAGE, poly- 
acrylamide gel electrophoresis; CONTIN, constrained regularization 
method; SDP, size distribution processor. 
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collapse to form a core in the second intermediate. Finally, 
the native protein structure of CAB is formed with an overall 
half-time of 12 min (Stein & Henkens, 1978; Semisotnov et 
al., 1987). CAB also aggregates during refolding at high 
protein concentrations (mg/mL) and low denaturant con- 
centrations (0.1-0.7 M GuHCI) (Ikai et al., 1978). 

To study the kinetics of aggregate formation during re- 
folding, QLS is used to measure conformational changes as 
well as the appearance of submicron protein aggregates. 
Previous studies have applied classical light scattering to 
measure the kinetics of protein aggregate formation during 
refolding (Zettlmeissl et al., 1979). However, QLS can ef- 
fectively analyze the early stages of protein aggregation where 
submicron aggregation predominates. The measurement of 
initial protein crystallization and protein-protein interactions 
has also been studied by utilizing QLS techniques (Donovan 
et al., 1987; Yarmush et al., 1988; Mikol et al., 1989; Kadima 
et al., 1990). The inherent advantages of this technique include 
noninvasive analysis and rapid measurement, which facilitates 
the study of aggregation kinetics. The analysis of CAB re- 
folding and aggregation utilizing QLS will provide insight into 
the kinetics of protein aggregation and assist in the develop- 
ment of models for aggregation leading to improvements in 
protein refolding. 

EXPERIMENTAL PROCEDURES 

Materials 
Bovine carbonic anhydrase B (CAB), bovine serum albumin, 

guanidine hydrochloride (GuHCl), Tris-sulfate, ethylenedi- 
aminetetraacetic acid (EDTA), p-nitrophenol acetate (pNPA), 
and ammonium acetate were molecular biology grade and 
purchased from Sigma Chemical Co. (St. Louis, MO). The 
purity of the CAB (pl  = 5.9) was checked by gel electro- 
phoresis and silver staining. Dimethyl suberimidate di- 
hydrochloride (DMS) was obtained from Pierce (Rockford, 
IL). Triethanolamine was purchased from Mallinckrodt 
(Paris, KY). HPLC grade acetonitrile and acetone were from 
J.T. Baker (Phillipsburg, NJ). The SDS-PAGE materials 
were obtained from Pharmacia LKB Biotechnology (Uppsala, 
Sweden). All buffers and samples were prepared with distilled 
water passed through a MilliQ water purification system 
(Millipore Corp., Bedford, MA). 

Methods 
Protein Concentration. Protein concentration for native 

CAB in 50 mM Tris-sulfate and 5 mM EDTA, at pH 7.5 was 
determined by absorbance at 280 nm with an extinction 
coefficient of 1.83 (mg/mL protein)-' cm-' (Wong & Tanford, 
1973) and a molecular weight of 30000. For CAB denatured 
in 5 M GuHCI, the concentration was determined by using 
a colorimetric dye binding assay (Bio-Rad Laboratories, 
Richmond, CA) using bovine serum albumin denatured in 5 
M GuHCl as the standard. 

Quasi-Elastic Light Scattering (QLS) Measurements. All 
QLS measurements were performed using a Model N4 sub- 
micron particle analyzer (Coulter Electronics, Hialeah, FL) 
instrumented as described previously (Yarmush et al., 1988). 
The photomultipler assembly was positioned at 90' to the 
incident laser beam (5-W argon ion, Model 2020-05, Spectra 
Physics, Mountain View, CA). Samples were analyzed at a 
constant temperature of 20 OC with a total volume of 200 pL. 
All buffers and protein solutions were prefiltered with 0.22-pm 
syringe filters (Gelman Sciences, Ann Arbor, MI) to remove 
any dust particles that would alter the QLS measurements. 
Glassware was rinsed in acetone and filtered distilled water 
to remove excess dust. QLS sample tubes (6 X 50 mm, VWR 
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Scientific, San Francisco, CA) were checked for imperfections 
prior to use. 

The methods of determining particle size distributions from 
QLS autocorrelation function data have been well documented 
(Stock & Ray, 1985). The method of constrained regulari- 
zation or CONTIN as described by Stock and Ray was used 
in the analysis of all autocorrelation data. The Model N4 
system deploys a size distribution processor (SDP) system that 
utilizes CONTIN to calculate particle size distributions 
(Coulter Electronics, 1984). The SDP and CONTIN analysis 
methods were utilized for CAB refolding and aggregation 
measurements. 

For each renaturation experiment, the CAB was first de- 
natured in 5 M GuHCl for at least 6 h. The denatured protein 
was then measured by QLS to ascertain that only the unfolded 
random coil existed in solution. A mean hydrodynamic di- 
ameter of 10 nm was obtained for each denaturation. The 
theoretical hydrodynamic diameter of the unfolded protein was 
calculated as 10.4 nm using the reported intrinsic viscosity 
(Wong & Tanford, 1973; Corbett & Roche, 1984). Refolding 
was carried out by rapid dilution with a dilution buffer con- 
taining 50 mM Tris-sulfate and 5 mM EDTA, pH 7.5, to the 
desired final protein and GuHCl concentrations. The sample 
was analyzed by QLS immediately after dilution. The earliest 
possible time point obtained by QLS measurements was 30 
s, which is the minimum time needed for the autocorrelation 
channels to stabilize. The sample time used to collect auto- 
correlation data for each experiment was 30 s and the midpoint 
of this time period was used to determine the rate of associ- 
ation. For more rapid association kinetics, a sample time of 
20 s was used to obtain the autocorrelation data. Each ex- 
periment was repeated a minimum of three times with the 
same time points to assure repeatability and to reduce the 
difficulties of signal to noise. Continuous measurements were 
made during the refolding until an equilibrium state was 
achieved or until micron-sized aggregates dominated in the 
sample. Each experiment was repeated several times to provide 
a significant number of time points for kinetic analysis. 

Multimer Model of Submicron Aggregates. To determine 
the unit composition of the particles initially formed during 
aggregation, a model of the multimeric state of the protein 
was developed on the basis of the wormlike chain model 
(Kratky & Porod, 1949). This model has been shown to 
successfully characterize the composition of antigen-antibody 
complexes that were analyzed by QLS (Murphy, 1989; 
Murphy et al., 1990). For purposes of this study, the mul- 
timers were assumed to consist of individual unit monomers. 
The unit monomer hydrodynamic diameter, D,, was deter- 
mined from the hydrodynamic diameter of the native structure 
at the same final protein and denaturant concentrations. The 
native protein structure was observed to change under different 
final concentrations and over long time periods to eventually 
reach the same equilibrium state as the refolding experiments 
(see Results). Therefore, if the measured native protein hy- 
drodynamic diameter was greater than that of the first ob- 
served intermediate, the diameter of the first intermediate was 
employed in the calculation of multimer size. For each ex- 
periment, the mean hydrodynamic radius of the monomer, 
native or first intermediate, was used as the persistence length 
in the wormlike chain model. 

Two multimeric states were calculated utilizing the chain 
model. First, the dimer was calculated assuming a contour 
length, Li, ranging from two contacting spheres with 25% of 
their volume overlapped (1 .5Dh) and a linear chain of solid 
spheres with no excluded volume ( 2 0 , ) .  The trimer of CAB 
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was the other multimer species that was assumed to range in 
contour length from a three-sphere cluster (20,) to a h e a r  
chain of solid spheres ( 3 4 ) .  In addition, the linear form of 
the trimer was considered energetically more favorable than 
the triangular aggregates as determined from previous studies 
on the potential energy relations of native protein aggregates 
(Reithel, 1963). Higher order multimers were not evaluated 
and modeled since the maximum observed diameter did not 
exceed that of the linear trimer species. Since the true 
multimer diameters are not known, a normal distribution about 
the mean diameter was used to calculate the actual concen- 
tration of the multimeric species (Murphy, 1989; Murphy et 
al., 1990). The validity of this model for CAB association has 
been recently confirmed by studies using size-exclusion 
chromatogaphy (Cleland & Wang, 1990). These chroma- 
tography studies yield the same multimer concentrations as 
those calculated by using the wormlike chain model. The 
particle structure factor calculated from other models also does 
not vary significantly over the range of hydrodynamic radii 
observed in these experiments (Murphy, 1989). Therefore, 
alternative model systems may yield similar multimer con- 
centrations. 

Esterase Activity. An enzymatic activity assay was per- 
formed by using the esterase reaction as described previously 
(Pocker & Stone, 1967). The unfolded CAB in 5 M GuHCl 
was rapidly diluted to the desired final protein and GuHCl 
concentrations and each aliquot of the refolded sample was 
analyzed for its enzymatic activity at various times during 
aggregation. Each assay sample was diluted 10-fold by 50 mM 
Tris-sulfate and 5 mM EDTA, pH 7.5, prior to addition of 
substrate, pNPA. The formation of pNP and decrease in 
pNPA were measured by absorbance at 348 and 400 nm, 
respectively, on a Model 8452 diode array spectrophotometer 
(Hewlett-Packard, Mountain View, CA) at 1-s time intervals 
for 2 min after addition of pNPA. Recovery of activity was 
determined using the ester hydrolysis rate constant of the 
native protein at the same concentration in the dilute buffer 
(50 mM Tris-sulfate, 5 mM EDTA, pH 7.5). 

Cross-Linking Analysis. To confirm the validity of the 
multimer model, cross-linking experiments were performed 
during the refolding process. The cross-linking agent, DMS, 
was found to have no effect on the native protein under the 
same final protein and denaturant conditions. Denatured CAB 
in 5 M GuHCl was rapidly diluted with buffer (50 mM 
Tris-sulfate, 5 mM EDTA, pH 7.5) to a final protein and 
denaturant concentration as desired for the experiments. DMS 
at a final concentration of 20 mM was added after a given time 
period to cross-link the multimers (Swaney & O'Brien, 1978; 
Hadju et al., 1976). After 1 min, the cross-linking was 
quenched by the addition of 1 M ammonium acetate to yield 
a final concentration of 100 mM. Further quenching was also 
performed by the addition of concentrated GuHCl to yield a 
final concentration of 5 M GuHCl, which prevented further 
aggregation. Samples were analyzed by SDS-PAGE using 
8-2596 gradient polyacrylamide gels with SDS buffer strips 
on a Phast gel electrophoresis sytem (Pharmacia LK Bio- 
technology, Uppsala, Sweden). The gels were stained with 
Coomassie Blue by using the development section of the Phast 
System. 

RESULTS 
For each refolding experiment, a compact initial structure 

was immediately formed upon dilution of the unfolded protein 
in 5 M GuHCl to low GuHCl concentrations (less than 1.0 
M) as shown in Figure 1. The mean hydrodynamic diameter 
of this structure was approximately the same as that of the 
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FIGURE 1 : Size distributions for refolding, native, and denatured states 
of CAB. The z-average weight percent of each particle is shown over 
a range of hydrodynamic diameter as determined by CONTIN 
analysis of the QLS results. (A) Size distribution of CAB during 
refolding from 5 M GuHCl is shown as a function of time. CAB is 
refolded by rapid dilution to a final protein concentration of 0.50 
mg/mL and a final GuHCl concentration of 0.70 M. The size 
distribution increases with time to form micron-sized aggregates after 
3 min. (B) Native CAB size distribution dependence on GuHCl 
concentration is shown as the control for all refolding experiments. 
The native protein is mixed with concentrated GuHCl to yield a final 
protein concentration of 0.50 mg/mL and 0.60 M GuHCl. This 
mixture is immediately measured by QLS and the distribution is 
labeled as native initial. After equilibration for several hours under 
these conditions, the native protein in GuHCl is measured by QLS. 
The distribution after equilibrium is labeled native equilibrated. The 
size distributions of the native protein without GuHCl and the de- 
natured protein in 5 M GuHCl are also included for reference. 

native protein molecule (Dh = 4.8 f 0.5 nm). This initial 
molten globule intermediate was the aggregating unit monomer 
from which the multimer formation was derived. As shown 
in Figure 1, the protein grew in hydrodynamic diameter over 
time until micron-sized aggregates dominated the scattering 
in the solution. A similar effect was observed in a study of 
the native protein at various protein and GuHCl concentrations 
and a significant change in the size distribution was observed 
for conditions where multimers were observed to form. The 
addition of concentrated GuHCl to the native protein resulted 
in the formation of a structure that was larger than the native 
protein in the absence of GuHCl (Figure 1). The formation 
of this structure was caused by the destabilization of the 
tertiary structure of the protein as reported previously (Ro- 
dionova et al., 1989). After equilibration in GuHCl concen- 
trations of less than 1 M, the native protein was found to have 
a particle size larger than that of the unfolded protein in 5 
M GuHCl (Dh = 9.8 f 0.8 nm). In many cases, the native 
protein formed micron-sized aggregates after extended periods 
of exposure to moderate GuHCl concentrations (0.30-0.80 M). 
These results were used to confirm the formation of submicron 
aggregates or multimers and provide information on the unit 
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FIGURE 2: Refolding and aggregation of CAB as observed by QLS. 
The changes in monomer (e), dimer (e), and trimer (M) concentration 
are displayed as a function of time after dilution for each case. (A) 
Rapid formation of multimers is measured where CAB in 5 M GuHCl 
is rapidly diluted to a final protein concentration of 0.50 mg/mL (16.7 
pM) and 0.60 M GuHCI. Micron-sized aggregates (- - -) appeared 
after 1.5 min. (B) Moderate rate of multimer formation occurs for 
rapid dilution of CAB in 5 M GuHCl to 0.50 mg/mL (16.7 pM) and 
0.70 M GuCHI. After 3.5 min, micron-sized aggregates (- - -) dom- 
inate the light scattering in the solution. (C) Multimers form slowly 
for rapid dilution of CAB in 5 M GuHCl to the final conditions of 
0.50 mg/mL (1 6.7 pM) and 0.80 M GuHCI. Under these conditions, 
no further aggregation was observed after 20 min, indicating an 
apparent equilibrium state. 

monomer hydrodynamic diameter. 
After determination of unit monomer size distribution, 

multimer concentrations for each CAB refolding study were 
calculated on the basis of the QLS results with the exception 
of cases where aggregation to micron-sized particles occurred 
immediately upon dilution of the unfolded protein in 5 M 
GuHCl. For conditions of low final GuHCl concentrations 
(0.20.70 M GuHCl), CAB was observed to form precipitates 
during the dilution step. The next distinct type of aggregation 
was the rapid formation of multimers prior to micron-sized 

0.6 
s W 

- r.-l 0.2 

0.0 

_ _  - - - --• 
--+- - - - A 

Lower Limit 
for Refolding A 

,*,' A A .,- 
! I  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

[CAB], (mglml)  

FIGURE 3: Regimes of refolding and aggregation of CAB. Each data 
point represents rapid dilution of CAB in 5 M GuHCl to a given final 
protein and GuHCl concentration. The aggregation regime is defined 
as the final solution conditions that result in the immediate formation 
of micron-sized aggregates. The upper boundary of the aggregation 
regime is defined by the lower data points (m). As depicted in Figure 
2, the cases where dimer and trimer species are observed prior to 
micron-sized aggregation constitute the multimer formation regime 
(A). The lower limit of refolding is the distinct regime where multimers 
form but do not proceed to form micron-sized aggregates (e). From 
the lower limit of refolding to 1 M GuHCI, the protein refolds to form 
either a stable intermediate or the native structure in the absence of 
aggregation. 

aggregate formation (Figure 2). When unfolded CAB in 5 
M GuHCl was rapidly diluted to the final conditions of 0.50 
mg/mL (16.7 pM) and 0.60 M GuHC1, the protein concen- 
tration decreased to 0.1 1 mg/mL (3.8 p M )  at 1.5 min with 
the subsequent formation of the dimer and trimer species. For 
this case, micron-sized aggregates dominated the scattering 
after 1.5 min. The onset of micron-sized aggregates was 
delayed by increasing the final GuHCl concentration to 0.70 
M at the same final protein concentration (0.50 mg/mL, 16.7 
pM). Rapid dilution of denatured CAB in 5 M GuHCl to 
0.50 mg/mL protein and 0.70 M GuHCl showed a decreased 
rate of multimer formation (Figure 2). In this case, the final 
observed monomer concentration before large aggregate for- 
mation was significantly reduced (0.04 mg/mL, 1.2 pM). The 
monomer concentration was observed to proceed to zero in the 
absence of large aggregates when the GuHCl was further 
increased to 0.80 M at the same final protein concentration 
(0.50 mg/mL, 16.7 pM). After dilution of the denatured CAB 
in 5 M GuHCl to 0.50 mg/mL (16.7 p M )  and 0.80 M 
GuHC1, multimers formed relatively slowly and achieved a 
stable state or equilibrium after approximately 15 min (Figure 
2). This stable equilibrium persisted for several hours and did 
not result in micron-sized aggregates. Several other final 
protein and denaturant conditions yielded the same type of 
distinct stages of multimer formation and micron-sized ag- 
gregation. 

By combining the results of several different experiments, 
an operating diagram was constructed indicating the distinct 
regimes that occurred at different final CAB and GuHCl 
concentrations (Figure 3). In each case, the denatured protein 
in 5 M GuHCl was rapidly diluted to the final conditions 
shown in Figure 3. The aggregation regime was considered 
to be the region with final conditions that resulted in aggre- 
gation of CAB to micron-sized aggregates immediately upon 
dilution and, therefore, could not be analyzed by QLS. At 
higher final GuHCl concentrations, the multimer species as 
shown in Figure 2 were observed before the formation of large 
aggregates. The final condition where dimer and trimer 
achieved an equilibrium in the absence of larger aggregates 
(Figure 2) was considered the lower limit of refolding where 
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FIGURE 4: Concentration of active CAB as a function of time after 
rapid dilution from 5 M GuHCI. In each case, the protein is diluted 
to a final concentration of 0.50 mg/mL. The final GuHCl concen- 
tration for each case is 0.60 M (e), 0.70 M (V), 0.80 M (+), and 
1 .O M (m). For the conditions where micron-sized aggregates are 
formed (0.60 and 0.70 M GuHCI), the accuracy of the assay is greatly 
reduced due to light scattering. The dashed line represents the 
concentration of native protein predicted on the basis of the rate 
constants from reported refolding experiments with an overall half-time 
of 12 min [refolding from 3 M GuHCl to 1 M GuHCl by rapid dilution 
with 0.05 M Tris buffer and 2 M NaCI, pH 7.5 at 20 OC (Stein & 
Henkens, 1978); refolding from 8.5 M urea to 4.1 M urea by rapid 
dilution with 0.1 M Tris buffer, pH 8 at 20 "C (Semisotnov et al., 
1987)]. 

higher GuHCl concentrations at the same protein concen- 
tration resulted in refolding. The maximum GuHCl concen- 
tration to allow refolding was observed to be 1 M, which is 
comparable to results of CAB refolding reported by others 
(Dolgikh et al., 1984). 

The recovery of activity of CAB was used to confirm the 
results of the QLS studies and determine the extent of re- 
folding. Reactivation of denatured CAB in 5 M GuHCl was 
performed by rapid dilution to a given final protein and GuHCl 
concentration. At a final protein concentration of 0.50 
mg/mL, the recovery of active CAB was complete after 5 min 
for final GuHCl concentrations from 0.60 to 0.80 M (Figure 
4). For refolding at 0.50 mg/mL protein.and 0.80 M GuHCI, 
maximum renaturation was 30% active protein, indicating the 
formation of inactive protein species. To confirm that the 
protein would refold at higher GuHCl concentrations, refolding 
was performed at 1 .O M GuHCl and 0.50 mg/mL protein. At 
1 .O M GuHCI, recovery of activity was greater than 80% after 
30 min. These results correlate well with reported CAB re- 
folding kinetics as indicated by the dashed line in Figure 4 
(Stein & Henkens, 1978; Semisotnov et al., 1987). The 
measured active protein concentration at the initial time points 
is greater than the predicted value since the second interme- 
diate in the refolding pathway contains approximately 25% 
of the native enzyme activity (Wong & Tanford, 1973; Ro- 
dionova et al., 1989). The final activity for GuHCl concen- 
trations of 0.60 and 0.70 M was greater than expected due 
to the presence of large aggregates, which affect the absor- 
bance measurements for samples taken at times where mi- 
cron-sized aggregates were observed by QLS. For a final 
GuHCl of 0.80 M, the dimers and trimers partially dissociated 
when diluted prior to the addition of substrate as observed by 
QLS and transmission electron microscopy (results not shown). 
This dilution effect explains the lack of correlation between 
the final activity and the final monomer concentration for the 
low GuHCl experiments (0.60-0.80 M GuHCI). 

To determine if submicron multimers were forming prior 
to precipitation, cross-linking studies were performed to es- 
sentially lock the protein in the multimeric state. For refolding 
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FIGURE 5: SDS-PAGE results of cross-linking during CAB refolding 
and aggregation. DMS is added to a solution of CAB that has been 
diluted from 5 to 0.70 M GuHCl with a final protein concentration 
of 0.50 mg/mL (see the Experimental Procedures section for details). 
Each sample is brought to a GuHCl concentration of 5 M by addition 
of 8 M GuHCI. Lanes 1 and 8 are low molecular weight markers 
in 5 M GuHCl (MW 14400, 30000,43000,67000, and 94000). 
Lanes 2 and 7 contain the starting denatured protein solution in 5 
M GuHCI. Lane 3 represents the results of cross-linking a refolding 
solution (0.50 mg/mL CAB, 0.70 M GuHCI) at 1 .SO min. The results 
of cross-linking the refolding solution at 1 .O and 0.5 min are shown 
in lanes 4 and 5, respectively. Lane 6 is the control where the native 
protein is subject to 0.70 M GuHCl and the cross-linking agent at 
a protein concentration of 0.50 mg/mL. 

of CAB from 5 M GuHCl to 0.70 M GuHCl and 0.50 mg/mL 
protein, the formation of dimers was observed to occur and 
the dimer band intensity increased with the refolding time 
(Figure 5). The increase in dimer concentration with refolding 
time was similarly predicted by the QLS analysis as shown 
in Figure 2. The trimer species was probably not observed 
in this experiment due to the low sensitivity of the staining 
technique, which can detect typically 0.1 mg/mL protein 
(Pharmacia LKB Biotechnology, Uppsala, Sweden). When 
the cross-linked protein solution was not increased to 5 M 
GuHCl immediately after quenching, large aggregates were 
rapidly formed, indicating the stabilization of an aggregating 
species. 

Since the refolding pathway of CAB has been well char- 
acterized, it is possible to determine which intermediate protein 
structure forms the dimer and larger aggregates. Unfolded 
CAB in 5 M GuHCl rapidly folds into a compact molten 
globule structure when diluted to 1 M GuHCl (Doligkh et al., 
1984). The unfolded protein does not exist in solution after 
200 ms and the first intermediate with exposed hydrophobic 
clusters is completely converted to the second intermediate 
after 15 min (Semisotnov et al., 1987). The propensity of 
exposed hydrophobic groups on proteins to cause aggregation 
suggests that the first intermediate is the structure that forms 
the dimer. To confirm this hypothesis, refolding of denatured 
CAB in 5 M GuHCl has been performed by dilution to con- 
ditions where no aggregation occurs at 0.83 mg/mL protein 
and 1 M GuHCl and was followed by incubation for 15 min 
to assure that the first intermediate is no longer present. After 
15 min, this solution is diluted to conditions (0.50 mg/mL, 
0.60 M GuHCl) that usually result in aggregation as shown 
in Figure 2. The final solution, 0.50 mg/mL protein and 0.60 
M GuHCI, did not form dimers or aggregates as observed by 
QLS (mean hydrodynamic diameter of 4.0 nm). In addition, 
this process of CAB refolding results in the same recovery of 
activity as protein refolded to 0.50 mg/mL and 1 M GuHCl 
(Figure 6). These results suggest that the first intermediate 
is the monomer responsible for the formation of dimers and 
larger aggregates during the refolding of CAB. 

DISCUSSION 
The results of both QLS and cross-linking analyses indicate 

that a dimer species exists before the formation of micron 
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Table I: Initial Rate Analysis of Dimer Formation for CAB 
Aggregation" 

[CAB]f [CABIf [GuHCI]~ RI, [Dlf tf 
(mg/mL) (N) (M) (rM/min) (rM) (min) 

0.50 16.7 0.60 5.22 3.76 1.5 
0.50 16.7 0.70 3.68 5.72 3.2 
0.50 16.7 0.80 0.74 6.22 20.9 
0.60 20.0 0.80 0.84 4.93 9.5 
0.80 26.7 0.80 2.63 4.40 5.2 

4 2 0  a Determination of dimer concentration described under Experimen- 
tal Procedures. 

o . o o ~ ~ " ' " " ' " " ' " " ' " " ' " " " ' " "  0 
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Time (mio) 

FIGURE 6: Aggregating species determination. The concentration 
of active protein over time during the refolding of CAB is shown for 
three different cases. The protein in 5 M GuHCl is rapidly diluted 
to 0.50 mg/mL and 0.60 M GuHCl (0 )  or 1 .O M GuCHl (m). To 
determine if the aggregating species is the first intermediate, the protein 
is first diluted to 0.83 mg/mL and 1 .O M GuHCI. After 15 min, the 
solution is diluted further to 0.50 mg/mL and 0.60 M GuHCl (A) 
(see the Results section for details). 

D - - - - - - - - - - + Aggregates * (Micron Size) c T 0 0 = = = =  
FIGURE 7: Proposed pathway for refolding and aggregation of CAB. 
The unfolded protein (U) rapidly forms the first compact intermediate 
( I I )  within 200 ms (ki, = 23.1 s-l). The first intermediate can then 
proceed to form the second intermediate (I2, ki2 = 0.297 min-l) or 
the dimer species (D) where k,, is a function of the final protein and 
GuHCl concentration. The second intermediate continues to refold 
to form the native protein structure (N, k, = 6.93 X 10-* min-I) (Stein 
& Henkens, 1978; Semisotnov et al., 1987). The dimer may form 
the trimer species (T) with the addition of another intermediate protein 
( I I )  to the aggregate. The rate constant, ka2. is also a function of 
the final protein and GuHCl concentrations. The dimer, trimer, and 
first intermediate will then form the micron-sized aggregates under 
aggregating conditions (see Figure 3). 

aggregates (Figures 2 and 5 ) .  In addition, the renaturation 
studies indicate that CAB does not completely recover activity 
in the absence of precipitation (Figures 2 and 4). The lack 
of activity of the protein in the absence of precipitation can 
be explained by a stabilization of inactive or partially active 
protein structures. These structures are the dimer and, pos- 
sibly, trimer of inactive CAB, both of which are dissociated 
by further dilution in the activity analysis. These multimeric 
species do not form in the absence of the first intermediate 
as shown in Figure 6 and, therefore, the first intermediate is 
the monomer that associates to form the multimers and larger 
aggregates. 

With the knowledge of the aggregating species and the 
formation of submicron aggregates, a refolding and aggre- 
gation model for CAB is postulated as shown in Figure 7. The 
model is based on rapid dilution of CAB from 5 M GuHCl 
to refold the protein. The formation of dimers, trimers, and 
large aggregates will occur when the protein is diluted to the 
final conditions of multimer formation or aggregation as de- 
picted in  Figure 3. The unfolded protein (U) rapidly forms 
the first intermediate ( I , )  with a rate constant, kil ,  of 23.1 s-l. 

The first intermediate will then either proceed on the refolding 
pathway to form the second intermediate (I2) with a rate 

constant, ki2, of 0.297 min-' or form the dimer species with 
a rate constant, kal, that is dependent upon the final protein 
and GuHCl concentrations. Finally, the second intermediate 
will slowly fold into the native conformation (N) with a rate 
constant, k,, of 6.93 X lo-* min-I (Semisotnov et al., 1987). 
The slow formation of the native structure is probably caused 
by the cis-trans isomerization of the 19 proline residues in 
CAB. Proline isomerization has been discussed as the possible 
cause of slow refolding in other protein systems (Kim & 
Baldwin, 1982). The formation of trimers and large aggregates 
is also included in the model, but their rates of formation and 
associated pathways have not been studied in this research. 

The kinetics of formation of the dimer species can now be 
studied on the basis of the proposed model of aggregation and 
refolding for CAB. The initial rate of dimer formation (RD) 
for several different final conditions is shown in Table I. With 
a constant final GuHCl concentration, the rate of dimer 
formation is determined to have the following relationship to 
protein concentration: 

RD = kd[CAB]2.6 (1) 

which approximately represents two molecules in the first 
intermediate state associating to form the dimer. Since there 
is an obvious dependence on the final GuHCl concentration 
at a constant final protein concentration, the rate constant, 
kd, must be a function of the GuHCl concentration. Therefore, 
the rate of dimer formation as function of the final GuHCl 
concentration has been determined for a constant protein 
concentration (0.50 mg/mL). The dimer formation rate de- 
pends on GuHCl to the inverse 6.7 power, resulting in the 
following overall equation: 

RD = kh[CAB]2.6[GuHC1]-6.7 (2) 

This strong inverse dependence on GuHCl may be explained 
by the predicted binding of GuHCl to the protein. For 0.50 
mg/mL CAB in 0.60-0.80 M GuHCl, the number of GuHCl 
molecules bound to the protein should range from seven to nine 
from relationships for GuHCl binding to native proteins (Lee 
& Timasheff, 1974; Arakawa & Timasheff, 1984). Finally, 
the initiation of precipitating aggregates may be a nucleation 
and growth phenomena that has been observed previously for 
protein crystallization (Reithel, 1963; Feher & Kam, 1985). 
The final observed dimer concentration [DIr, and the time of 
the final QLS measurement, tf, are illustrated in Table I. For 
each case, the final observed dimer concentration is consistently 
between 4 to 6 pM, which is probably the critical nuclei 
concentration required for further aggregation. Additional 
studies of the formation of precipitating aggregates must be 
performed to determine if this aggregation can be modeled 
as a nucleation and growth process. 

CONCLUSION 
Quasi-elastic lighting scattering (QLS) has been demon- 

strated as a useful tool in the study of protein refolding and 
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aggregation. QLS analysis combined with renaturation and 
cross-linking studies has provided insight in the possible 
pathway for aggregation of CAB during refolding. The model 
developed in this work indicates-that the refolding of CAB 
proceeds through an intermediate species, the first observed 
intermediate, which will aggregate under the appropriate 
conditions (Figures 3 and 7). To avoid aggregation, one must 
therefore refold CAB at high GuHCl concentrations or low 
protein concentrations. Alternatively, the refolding process 
can be performed by dilution to conditions that do not cause 
aggregation and incubation for 15 min, followed by additional 
dilution to the desired final conditions as demonstrated in 
Figure 6. 

The model of CAB refolding and aggregation may also be 
common to several other proteins. Several proteins have been 
observed to form a molten globular intermediate structure 
during refolding (Vondervisz et al., 1987; Brems & Havel, 
1989; Kuwajima, 1989; Garvey et al., 1989). In particular, 
dihydrofolate reductase and bovine growth hormone have been 
observed to form a compact molten globule intermediate 
(Garvey et al., 1989; Brems & Havel, 1989). For these two 
proteins, this intermediate structure contains exposed hydro- 
phobic clusters analogous to the intermediate observed to form 
dimers and larger aggregates in the refolding of CAB. The 
model of aggregation and refolding for these proteins would 
likely be similar to that postulated for CAB, but the final 
protein and GuHCl concentrations required to obtain aggre- 
gation may be different on the basis of the difference in protein 
structure and binding of GuHCI. The generality of this model 
will be studied by QLS analysis of other protein systems. 

With an understanding of the pathway for aggregation, 
research is currently under way to develop general methods 
to prevent aggregation by the inhibition of the dimer formation 
and to verify the proposed model for CAB refolding and ag- 
gregation. To confirm that the dimer and trimer species exist 
prior to precipitation, transmission electron microscopy (TEM) 
and additional cross-linking studies will be performed. Further 
characterization of the mechanisms of this aggregation process 
will be accomplished by spin labeling the protein for electron 
spin resonance (ESR) analysis, which has been done previously 
for CAB refolding (Semisotnov et al., 1987). These results 
should provide additional insight into the mechanism of protein 
aggregation during refolding and aid in the development of 
methods to avoid aggregation. 
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